Background: Little information is available on the amelioration of boron (B) on aluminum (Al)-induced photosynthesis inhibition. Sour pummelo (Citrus grandis) seedlings were irrigated for 18 weeks with nutrient solution containing 4 B levels (2.5, 10, 25 and 50 μM H 3 BO 3 ) × 2 Al levels (0 and 1.2 mM AlCl 3 ·6H 2 O). The objectives of this study were to determine how B alleviates Al-induced growth inhibition and to test the hypothesis that Al-induced photosynthesis inhibition can be alleviated by B via preventing Al from getting into shoots.
Background
Acid soils comprise up to 50% of the world's potentially arable lands. In many acid soils through the tropics and subtropics, Al toxicity is a major factor limiting crop productivity [1] . Al 3+ is the most important rhizotoxic Al species and is abundant at pH 4.0 -4.5 [2] [3] [4] . Once Al is inside the plants, it is likely to be present as Al(OH) 3 , which is structurally similar to B(OH) 3 [5] . Evidence shows that root apex, and more specifically the distal part of the transition zone within the apex, is the primary site for Al toxicity [6] [7] [8] [9] . The primary symptom of Al toxicity is a rapid inhibition of root growth, which occurs within minutes upon exposure to Al stress [1] . The rapidity of root growth inhibition means that Al first inhibits root cell expansion and elongation, prior to inhibiting cell division [5, 10] . Al is assumed to exert its toxic effect in the apoplast through interaction with the negative binding sites of the cell walls, primarily pectin of root epidermal and cortical cells [11, 12] . B deficiency is a widespread problem in many agricultural crops, including Citrus spp. B deficiency occurs most frequently on course-textured soils with low organic matter status. It is also a problem in acid soils in humid climates where B content is low because of high leaching losses [13] . Like Al, B also primarily inhibits root growth through limiting cell elongation rather than cell division, which is probably the secondary response of the root meristematic region to B deficiency [14] . Evidence shows that the predominant function of B is in the formation of primary cell walls, where it crosslinks the pectic polypectic polysaccharide rhamnogalacturonan II (RG-II) [15, 16] . Lukaszewski and Blevins [17] reported that root growth inhibition in B-deficient or Altoxic squash plants (Cucurbita pepo) could be a consequence of a disrupted ascorbate metabolism. Based on the similarities of the molecules and of the symptom characteristic for Al-toxic and B-deficient plants, it has been proposed that Al may exert its toxic effect by inducing B deficiency [4] . LeNoble et al. [18, 19] showed that supraoptimal B concentration prevented Al-induced inhibition of root growth of squash in solution culture and of alfalfa (Medicago sativa) in soil culture. B also alleviate Al toxicity in apple rootstock P22 [20] , common bean (Phaseolus vulgaris) [21] , pea (Pisum sativum) [22] . However, other investigations in wheat (Triticum aestivum) [23] and maize (Zea mays) [24] did not find evidence that B was capable of ameliorating Al toxicity. Recently, Corrales et al. [25] reported that B alleviated Al toxicity in both cucumber (Cucumis sativus) and maize, but only in the former was B able to protect against Al-induced inhibition of root elongation. Evidence suggests that B decreases the binding sites for Al in the cell walls, and hence Al toxicity [21, 22] . In the other hand, the cross-linking RG-II by B ester results in a stable of network of cell walls with decreased pore sizes [16, 26] , thus hampering Al from getting into contact with sensitive targets at the plasma membrane and/or symplasm [25] .
LeNoble et al. [18] found that protection against Al inhibition with B was also apparent for shoot growth of Alstressed squash in solution culture. Recently, Yu et al. [22] reported that B alleviated the chlorosis-symptoms of Al toxicity, and prevented the decrease in Chl concentration and the inhibition of shoot growth after prolonged exposure to Al stress, which was accompanied by a lower Al level in shoots. Therefore, B may alleviate Al-induced inhibition of photosynthesis after prolonged exposure to Al stress. To our knowledge, very little information is available on the ameliorative effects of B on Al-induced inhibition of photosynthesis.
Citrus belongs to evergreen subtropical fruit trees and is cultivated in humid and subhumid of tropical, subtropical, and temperate regions of the world mainly on acid soils. High Al and low B are frequently observed in citrus plantations. Although the effects of Al toxicity or B deficiency on citrus growth and CO 2 assimilation have been studied by a few researchers [27] [28] [29] [30] [31] [32] , Al toxicity and low B are almost always investigated separately as independent factors. In this paper, we investigated the effects of Al and B interactions on plant growth, the concentrations of Al and B in roots, stems and leaves, and leaf CO 2 assimilation, Rubisco (EC 4.1.1.39) and photosynthetic electron transport probed by the JIP-test, of sour pummelo (Citrus grandis), an Al-sensitive rootstock used in pummelo cultivation. The objectives of this study were to determine how B alleviates Al-induced inhibition of root and shoot growth and to test the hypothesis that Al-induced inhibition of photosynthesis can be alleviated by B via preventing Al from getting into shoots.
Results
Seedling growth B did not affect significantly root ( Fig. 1A) , shoot ( Fig. 1B ) and root + shoot (Fig. 1C ) DW over the range of B supply in the absence of Al except that 50 μM B supply decreased slightly the root DW ( Fig. 1A) , whereas they increased as B supply increased from 2.5 to 25 μM, then decreased at the highest B supply under Al stress ( Fig. 1A-C ). Root, shoot and root + shoot DW were lower in +Al seedlings than in -Al ones at each given B level ( Fig. 1A-C ). Shoot/root ratio was higher in 2.5 and 50 μM B-treated seedlings than in 10 and 25 μM B-treated ones in the absence of Al, whereas increased as B supply increased from 2.5 to 25 μM, then decreased at the highest B supply under Al stress. Shoot/root ratio was higher in -Al seedlings than in +Al ones at each given B level ( Fig. 1D ).
Al and B concentrations in roots, stems and leaves
Al increased root Al concentration, whereas B did not affect significantly root Al concentration ( Fig. 2A ). Al concentration of -Al stems and leaves did not change significantly in response to B, whereas that of +Al stems and leaves decreased with increasing B supply from 2.5 to 25 μM, then increased at the highest B supply. Al concentration was significantly higher in +Al stems and leaves than in -Al ones except for a similar Al concentration between the two under 25 μM B ( Fig. 2B and 2C ).
Root, stem and leaf B concentration increased with increasing B supply whether seedlings were treated with or without Al. Al-treated roots, stems and leaves displayed a higher or similar B concentration ( Fig. 2D-F ).
Leaf Chl, root and leaf total soluble protein
Al decreased leaf Chl, Chl a and Chl b concentrations at each given B level. The concentrations of Chl, Chl a and Chl b did not change significantly in response to B in the absence of Al, while increased with increasing B supply from 2.5 to 10 μM under Al stress, then remained unchanged with further increasing B supply or decreased at the highest B supply ( Fig. 3A -C). Chl a/b ratio remained unchanged over the range of P supply examined in the absence of Al, whereas increased as B supply increased from 2.5 to 25 μM under Al stress, then decreased at the highest B supply. Chl a/b ratio was lower in +Al leaves than in -Al ones under 2.5 or 50 μM B, but there was no significant difference between the two under 10 or 25 μM B (Fig. 3D ).
Foliar total soluble protein concentration increased as B supply increased from 2.5 to 10 μM in the absence of Al and from 2.5 to 25 μM under Al stress, then remained unchanged with further increasing B supply. Total soluble protein concentration was slightly lower in +Al leaves than in -Al ones under 10 or 50 μM B, but there was no significant difference between the two under 2.5 or 25 μM B (Fig. 3E ). B did not affect significantly root total soluble protein concentration whether seedlings were treated with or without Al and there was no significant difference between roots treated with or without Al over the range of B supply except that the protein concentration was slightly lower in +Al roots than in -Al ones under 10 μM B (Fig.  3F ).
Leaf gas exchange and Rubisco
B did not affect significantly CO 2 assimilation, stomatal conductance and intercellular CO 2 concentration without Al stress ( Fig. 4A -C). CO 2 assimilation in +Al leaves increased as B supply increased from 2.5 to 25 μM, then decreased at the highest B supply ( Fig. 4A ). Stomatal conductance in +Al leaves increased as B supply increased from 2.5 to 10 μM, then did not change significantly with further increasing B supply ( Fig. 4B ). Intercellular CO 2 concentration in +Al leaves decreased as B supply increased from 2.5 to 25 μM, then remained unchanged at (Fig. 4C ). Al-treated leaves displayed a lower CO 2 assimilation (Fig. 4A) , a lower or similar stomatal conductance (Fig. 4B ), but a higher or similar intercellular CO 2 concentration ( Fig. 4C ).
Both initial and total Rubisco activity did not change significantly in response to B in the absence of Al, but increased as B supply increased from 2.5 to 25 μM under Al stress, then decreased at the highest B supply. Both initial and total Rubisco activity was higher in -Al leaves than in +Al ones except that there was no significant difference between the two under 25 μM B ( (Fig. 7B ), V J (Fig. 7C ), V I (Fig. 7D ), ABS/RC (Fig. 8A) , TR o /RC (Fig. 8B) , DI o /RC ( Fig. 8E ) and deactivation of OEC (Fig. 7E ), but decreased TR o /ABS (Fig. 7F ), ET o /TR o (Fig. 7G ), RE o /ET o (Fig. 7H ), ET o /RC (Fig. 8C ), RE o /RC (Fig. 8D ), EC o /RC (Fig. 8F ), RE o /ABS ( Fig. 8G ) and PI tot,abs (Fig. 8H ). The extent of increase or decrease for the 15 parameters was higher in 2.5 μM B-treated leaves than in 10 or 50 μM B-treated ones, but similar between 10 and 50 μM B-treated leaves except that the extent of decrease in ET o /TR o (Fig. 7G ) and ET o /RC (Fig. 8C ) or increase in V J (Fig. 7D ) was less in 10 μM B-treated leaves than in 50 μM B-treated ones under Al-stress.
Leaf initial Rubisco activity, maximum amplitude of IP phase and PI tot,abs in relation to CO 2 assimilation and shoot DW
Leaf CO 2 increased with increasing leaf initial Rubisco activity (Fig. 9A ), maximum amplitude of IP phase (Fig.  9B ) and PI tot,abs (Fig. 9C ), respectively. Leaf initial Rubisco activity (Fig. 9D ), maximum amplitude of IP phase ( Fig.  9E ) and PI tot,abs (Fig. 9F ) increased with increasing shoot DW, respectively.
Discussion
The present work, like that of previous workers [18, 19, 22] indicates that B prevent the inhibition of root and shoot growth ( Fig. 1A-C ) and the decrease in Chl, Chl a and Chl b concentrations ( Fig. 3A-C) under Al stress. The ameliorative effects of B was not brought about by an increase in the B concentration of roots, stems and leaves, because B concentration was not lower in +Al roots, stems and leaves than in -Al ones (Fig. 2D-F ). This agrees with early reports that Al did not affect B concentration in the roots of soybean (Glycine max) [33] and maize [24] . Our results showed that the sequence of the ameliorative effect of B on growth inhibition and Chl decrease in +Al seedlings was 25 μM B > 10 μM B ≥ 50 μM B > 2.5 μM B (Fig. 1A-C and 3A-C), indicating that Al-induced growth inhibition is not due to Al-induced B deficiency. Corrales et al. [25] showed that Al increased the concentration of reduced glutathione in roots of maize plants growing with adequate B supply but not in those growing in excess B, which, in turn, caused extensive cell damage in the root tips of maize plants even in the absence of Al. The lower root DW in 50 μM B + 0 mM Al treated seedlings (Fig. 1A ) implies that these plants received excess B. This would explain why the ameliorative effect of 50 μM B was lower than that of 25 μM B, because +Al roots, stems and leaves displayed higher or similar B concentration ( Fig. 2D-F) .
No difference for root Al concentration among B treatments ( Fig. 2A-C) indicates that the B-induced amelioration of root inhibition was probably caused by B-induced changes in Al speciation and/or sub-cellular compartmentation [25] rather than by less Al accumulation in root tips [22, 33] . Our finding that Al concentration was the highest in 2.5 μM B-treated stems and leaves under Al stress, followed by 10, 50 and 25 μM B-treated ones ( Fig. 2A-C) indicates that B-induced amelioration of shoot inhibition could be due to less Al accumulation in shoots.
The higher or similar intercellular CO 2 concentration in +Al leaves indicates that Al-induced decrease in CO 2 assimilation ( Fig. 4A and 4C) is primarily caused by nonstomatal factors, as earlier reported for citrus [27, 28, 30] and sorghum (Sorghum bicolor) [34] . The finding that Al decreased initial and total Rubisco activity except for no difference for total Rubisco activity between Al treatments under 25 μM B ( Fig. 4D and 4E ) contrasts with previous reports that Al-induced decrease in CO 2 assimilation in sour pummelo [30] and in an Al-tolerant rootstock 'Cleopatra' tangerine (Citrus reshni) [28, 35] was unaccompanied by decreased total Rubisco activity. In the other one study, we found that both the initial and total Rubisco activity was lower in 1.2 mM Al + 10 μM B treated leaves than in 0 mM Al + 10 μM B treated ones under 50 or 100 μM P, whereas there was no difference between the two under 250 or 500 μM P (data not shown). It is worth noting that in previous experiments, the nutrient solution for 'Cleopatra' tangerine [28] and sour pummelo [30] contained 250 μM P + 50 μM B and 100 μM P + 46 μM B, respectively. Thus, it appears that the influence of Al on Rubisco activity depends on P and B concentrations and citrus species. The finding that CO 2 assimilation decreased with decreasing initial Rubisco activity (Fig. 9A ) does not implies that the decrease in initial and total Rubisco activity in response to Al is the primary factor limiting CO 2 assimilation, because Rubisco activity decreased to a lesser extent than CO 2 assimilation (Fig. 4A, 4D , 4E and 9A). Our results showed that Chl concentration was lower in 50 μM B + 1.2 mM Al treated leaves than in 10 μM B + 1.2 mM Al treated ones (Fig. 3A) , but there was no difference in CO 2 assimilation between the two (Fig. 4A ), suggesting that Al-induced decrease in CO 2 assimilation cannot be attributed to a decrease in Chl concentration. This is also supported by our data that there was a greater excess of absorbed light energy in +Al leaves than in -Al ones, as indicated by increased DI o /RC (Fig. 8E ), DI o /ABS, and DI o /CS o (data not shown).
The Al-induced L-band at ca. 110 -140 μs (Fig. 6D ) agrees with the results obtained for Al-stressed [30] and Bstressed [32] sour pummelo leaves. According to the Grouping Concept [36] , the less pronounced L-band in Because the grouped conformation is more stable than the ungrouped one, the decreased grouping implies that the PSII units of +Al leaves have lost stability and become more fragile. This would explain why Al increased the heterogeneity of the samples (Fig. 5) .
The decrease of F v /F m (TR o /ABS, Fig. 7F ) in +Al leaves was mainly caused by an increase in F o (Fig. 5 and 7A-B) , as previously found for B-excess sour pummelo leaves [32] . An increase in F o is thought to indicate photoinhibitory damage [37] . The higher TR o /ABS and the lower F o in +Al leaves with 10, 25 and 50 μM B compared with 2.5 μM B indicates that B can alleviate Al-induced photoinhibitory damage.
Initial Rubisco activity (A, D), maximum amplitude of IP phase (B, E) and PI tot,abs (C, F) in relation to leaves CO 2 assimilation and shoot DW in Citrus grandis seedlings 
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The striking Al-toxic effect was the big increase in K-band, especially in leaves with 2.5 μM B (Fig. 6B ), which agrees with previous results found for Al-stressed [30] and Bstressed [32] sour pummelo leaves. This suggests that the OEC is damaged [38, 39] and the energetic connectivity between photosynthetic units is changed [38] . This is also supported by the data showing that +Al leaves had increased deactivation of OEC ( Fig. 7E ) and less energy exchange between independent PSII units, as indicated by the positive L-band (Fig. 6D) . The increased V J and V I (Fig.  7C and 7D ) and the decreased maximum amplitude of IP phase (Fig. 6D ) indicate that the acceptor side of PSII become more reduced under Al stress, but the acceptor side of PSI become more oxidized. Al-induced photoinhibitory damage at PSII acceptor is also supported by the fact that Al resulted in a decrease in F v (F v = F m -F o ) and an increase in F o (Fig. 5 and 7B) , which is the characteristic of photoinhibitory damage at PSII acceptor side [40] . The less pronounced K-band, J-and I-steps ( Fig. 6A and 6B ) and the less deactivation of OEC ( Fig. 8D ) and the fractional reduction of the PSI end electron acceptors, as indicated by the decreased maximum amplitude of IP phase (Fig. 6D) , and damaged all of the photochemical and non-photochemical redox reactions, as indicated by the decreases in PI tot,abs (Fig. 8H ). This suggests that Al impairs the whole photosynthetic electron transport chain up to the reduction of end acceptors of PSI, thus limiting the production of reducing equivalents. Our finding that the decrease in the eight parameters mentioned above under Al stress was less pronounced in leaves treated with 10, 25 and 50 μM B than with 2.5 μM indicates that B can alleviate the toxicity of Al on whole photosynthetic electron transport chain. Regressive analysis showed that CO 2 assimilation decreased with decreasing maximum amplitude of IP phase (Fig. 9B ) and PI tot,abs (Fig. 9C) , respectively, and that IP phase ( Fig. 9E ) and PI tot,abs (Fig. 9F ) decreased with decreasing shoot DW, respectively. Our results showed that shoot growth was more sensitive to Al toxicity than root growth, CO 2 assimilation, OJIP transient and most related parameters ( Fig. 1, 4A, 5, 7 and 8 ). Therefore, we conclude that the decreased photosynthetic electron transport capacity, which may be associated with growth inhibition, is probably the primary factor contributing to decreased CO 2 assimilation in Al-treated leaves.
The increased energy dissipation, as indicated by increased DI o /RC (Fig. 8E ) in +Al leaves agreed with the increased requirement for dissipating more excess excitation energy existed in +Al leaves due to less utilization of the absorbed light in photosynthetic electron transport, as indicated by the decrease in EC o /RC (Fig. 8F ), ET o /RC (Fig. 8C ), RE o /RC (Fig. 8D ), RE o /ABS (Fig. 8G ) and PI tot,abs (Fig. 8H) . The less impaired photosynthetic electron transport chain in leaves treated with 10, 25 and 50 μM B than with 2.5 μM under Al stress would explained why DI o /RC (Fig. 8E) increased to a lesser extent in the former than in the latter.
Conclusion
The present work demonstrates that shoot growth is more sensitive to Al toxicity than root growth, CO 2 assimilation, Chl, Rubisco, OJIP transient and most related parameters. We propose that Al-induced decrease in CO 2 assimilation was mainly caused by impaired photosynthetic electron transport chain, which may be associated with growth were collected at noon in full sun, frozen in liquid nitrogen, and stored at -80°C until assayed.
Methods

Plant culture and treatments
Measurement of plant DW
At the end of the experiment, 8 -15 plants per treatment from different pots were harvested. The plants were divided into roots and shoots. The plant material was dried at 80°C for 48 h and DW measured [28] .
Assays of Chl, total soluble protein, total B and total Al
Leaf Chl was extracted and measured according to Lichtenthaler [41] . Leaf and root total soluble protein was determined according to Bradford [42] . Root, stem and leaf total B was determined according to Kowalenko and Lavkulich [43] . Root, stem and leaf total Al was determined colorimetrically by the aluminon method [44] .
Leaf gas exchange measurements
Measurements were made by a CI-301PS portable photosynthesis system (CID, WA, USA) at ambient CO 2 concentration with a photosynthetic photon flux of 1300 μmol m -2 s -1 between 9:30 and 11:00 on a clear day [28, 45] . 
Fluorescence parameters Description
Extracted parameters F t Fluorescence intensity at time t after onset of actinic illumination F 50 μs or F 20 μs Minimum reliable recorded fluorescence at 50 μs with the PEA-or 20 μs with Handy-PEA-fluorimeter F 100 μs and F 300 μs Fluorescence intensity at 100 and 300 μs, respectively F J and F I Fluorescence intensity at the J-step (2 ms) and the I-step (30 ms 
